I. Introduction
Despite their widespread recreational and medical uses throughout human history, alcohol and anesthetic action on the human nervous system remain poorly characterized at a molecular level. Research in the last two decades has supported the direct involvement of protein receptors, culminating recently in the determination of atomic-resolution crystal structures of alcohols and other anesthetics (Nury et al., 2011; Sauguet et al., 2013; Spurny et al., 2013) bound to full-length ion channels that they functionally modulate.
This review focuses on the most thoroughly implicated and characterized of these targets, the family of pentameric ligand-gated ion channels (Campagna et al., 2003) . These channels include ionotropic receptors for GABA, glycine, glutamate, acetylcholine, and serotonin. They play a range of inhibitory and excitatory roles in the human nervous system (Stephenson, 2012) , as well as in prokaryotic physiology (Tasneem et al., 2005) . For reasons yet to be elucidated from an evolutionary standpoint, modulation by alcohols and other anesthetics has also been demonstrated in diverse members of this channel family from both higher (Forman and Miller, 2011) and lower organisms (Weng et al., 2010; Spurny et al., 2013) , consistent with one or more conserved sites of action.
Prior to the availability of full-length X-ray crystal structures, the conserved domain topology of this family of receptors was elucidated by sequence analysis, chemical labeling, crystallography of independent domains, and innovative cryoelectron microscopy approaches (Thompson et al., 2010) . Each functional channel includes five identical or homologous subunits clustered in parallel around the axis of the ion channel pore. Within each subunit, the ;200-amino acid N-terminal domain located extracellular to the plasma membrane primarily comprises an immunoglobulinlike b sandwich, and contributes to canonical agonistbinding sites at subunit interfaces (Nys et al., 2013) . This extracellular domain in eukaryotic family members features a conserved disulfide bond that contributes to channel assembly (Amin et al., 1994) and to their classification as the "Cys-loop superfamily" (Collingridge et al., 2009 )-although the term is less descriptive of their prokaryotic relatives, which lack this feature (Tasneem et al., 2005) . Another ;200 amino acids C-terminal to the extracellular domain comprise the transmembrane domain, which includes four membrane-spanning a-helices (M1-M4) (Bertaccini and Trudell, 2002) . Hydrophobic residues from the M1, M3, and M4 helices interface with the lipid bilayer, whereas the M2 helix of each subunit contributes to the channel pore (Unwin, 1993) . To simplify comparison of homologous subunits, the M2 helix is often described using prime notation, such that position 29 occupies the N-terminal intracellular channel vestibule and position 209 is at the C-terminal extracellular end of the pore (Thompson et al., 2010) . The loop between a-helices M3 and M4 is highly variable in both sequence and length, in some cases extending over 250 amino acids residues, and in eukaryotic subtypes forms an independent intracellular domain (Jansen et al., 2008) implicated in channel kinetics, conductance, and cytoplasmic interactions (Baptista-Hon et al., 2013) . Although lowresolution cryoelectron microscopy data indicate at least one a-helix in the intracellular loop of nicotinic acetylcholine receptors (Unwin, 2005) , the absence of this domain in lower organisms (Tasneem et al., 2005) and its variable, likely flexible, nature in eukaryotes make it an ongoing challenge to structural studies.
In this overview, we place the recent cocrystal structures of pentameric ligand-gated ion channels in historical context, touching on evidence from physiologic, computational, biochemical, and genetic engineering studies. We then highlight critical implications of recent structural data and explore the therapeutic implications of this work, for example, in the understanding and treatment of alcohol use disorders and the development of novel general anesthetics. Note the term "anesthetic" will refer to volatile and intravenous general anesthetic agents; the actions of local anesthetics may, in some cases, overlap but are beyond the scope of this review.
II. Functional Evidence for Modulation
A variety of pentameric ligand-gated ion channels have been implicated in directly mediating physiologic effects of alcohols and anesthetics (Campagna et al., 2003) , consistent with the prominence of these receptors in both inhibitory and excitatory neurotransmission related to processes, such as reward, consciousness, nociception, mobility, and learning and memory Davies, 2011; Miwa et al., 2011; Changeux, 2012; Dutertre et al., 2012) . Indeed, the diversity of both enhancing and inhibitory responses to allosteric ABBREVIATIONS: ELIC, Erwinia chrysanthemi ligand-gated ion channel; GLIC, Gloeobacter violaceus ligand-gated ion channel; GluCl, glutamate-gated chloride channel; M1-M4, transmembrane helices 1-4; PDB, Protein Data Bank; 6 -dihydro-5-methyl-6-oxo-4H-imidazo[1,5-a][1,4]-benzodiazepine-3-carboxylate.
Ligand-Gated Ion Channel Alcohol Sites modulators exhibited by distinct ligand-gated ion channel family members has been instrumental in identifying likely alcohol and anesthetic binding site(s) through chimera studies (Mihic et al., 1997; Perkins et al., 2009; Duret et al., 2011) . Further optimization of structure/function techniques, including heterologous expression, electrophysiology, mutagenesis, chemical labeling, and spectroscopy (Forman and Miller, 2011) as well as molecular modeling and high-resolution structure techniques described later in this review, has facilitated the identification of multiple candidate sites for direct alcohol and anesthetic modulation and provided critical support for more specific protein theories of anesthesia and alcohol action (Howard et al., 2011b) . Notable studies outlined below have elicited provocative suggestions regarding the presence of one or more conserved anesthetic binding sites among these receptors and the evolutionary rationale for their existence and persistence through the family and across species.
A. Eukaryotic Inhibitory Channels
Anion-selective GABA A , glycine, and ligand-gated chloride channels from lower organisms mediate inhibitory neurotransmission in the central and peripheral nervous systems; accordingly, functional enhancement of these channels is associated with nervous system depression (Bowery and Smart, 2006) , corresponding to physiologic effects of heavy drinking and anesthesia.
1. GABA A Receptors. GABA A receptors are molecular targets of sedative hypnotic and anxiolytic agents (Whiting, 1999) , and alteration of GABA signaling is implicated in motor, anxiety, and addiction disorders Garcia et al., 2010) , as well as mediation of consciousness (Changeux, 2012) . Although members of this subfamily are closely related in sequence and general physiology, they arise from at least 20 distinct human gene products (a, b, g, d, «, and r subunits), some of which are further diversified by post-translational processing or association with signaling partners (Vithlani et al., 2011) . Pentamers consisting of two a, two b, and one g subunit are the most widely expressed subtypes in brain tissue, but numerous other combinatorial possibilities allow for tissue-specific tuning of channel gating, kinetics, and modulation (Sieghart and Sperk, 2002) .
GABAergic signaling mediates alcohol-induced motor impairment in a variety of experimental systems . Notably, potentiation of native GABA-induced currents (Nakahiro et al., 1996) was shown to recapitulate the n-alcohol series of potencies for physiologic immobilization (Alifimoff et al., 1989) , including a chain length cutoff around 9 carbons. This correspondence was reproduced in heterologously expressed GABA A receptors (Dildy-Mayfield et al., 1996) , along with selective potentiation by anesthetics, but not by structurally-related nonimmobilizing compounds (Mihic et al., 1994) , further supporting a direct role in modulation. Other receptor subtypes have been associated with even higher sensitivity to alcohols, particularly the a4b3d and a6b3d GABA A receptors (Wallner et al., 2006) found extrasynaptically in thalamus and other brain regions involved in consciousness (Brickley and Mody, 2012) . Although the finding of high alcohol sensitivity among d subunit-containing GABA A receptors has not been consistently reproduced (Lovinger and Homanics, 2007) , the range of modulatory properties allowed by diverse receptor subtypes is clear. Indeed, the r subtype of GABA A receptors is potently inhibited, rather than potentiated, by alcohols and anesthetics, although with a shorter n-alcohol cutoff around 7 carbons . Originally identified in retina (Cutting et al., 1991) , r GABA A receptors have since been characterized throughout the central and peripheral nervous systems (Martínez-Delgado et al., 2010) , adding further potential complexity to the effects of alcohols and anesthetics on GABAergic signaling.
The search for specific sites of alcohol and anesthetic action on GABA A receptors contributed to the notion of a fundamentally distinct mechanism of binding compared with other drugs. Similar to their effective pharmacological doses, the apparent affinities of these agents for GABA A receptor modulation may be as high as millimolar ; furthermore, their potencies for both clinical immobilization and GABA A receptors tracked more closely with hydrophobicity than any particular pharmacophore, up to a conserved cutoff size (Peoples and Weight, 1999) . These properties, along with the small size and paucity of reactive or structurally rigid moieties among anesthetic agents, supported the possibility of multiple drug molecules binding transiently to large, amphiphilic active "sites," perhaps better considered "cavities." Notably, the longdocumented "pressure reversal" of anesthesia by hyperbaric conditions (Kent et al., 1977) was linked to direct antagonism of GABA A receptors (Davies and Alkana, 1998 ), supporting a model in which anesthetic binding depends on dynamic motions of flexible cavities (Perkins et al., 2010) , in contrast to the precise chemical bonding interactions characteristic of other drugs (Miller and Dill, 1997) .
Adding to these complexities, multiple domains of GABA A receptors have been implicated in alcohol and anesthetic action. In the extracellular domain, alcohol effects were antagonized by the benzodiazepine derivative [1,4]-benzodiazepine-3-carboxylate], consistent with competitive ethanol binding near residue R100 of the extrasynaptic a6 subunit (Wallner et al., 2006) . Characterization of the Chinese herbal medicine derivative dihydromyricetin (Shen et al., 2012) has further suggested it counteracts alcohol intoxication and withdrawal via a benzodiazepine-competitive 398 mechanism, supporting the presence of a therapeutic target in this region. Closer to the plasma membrane, chimera studies linked a region of extracellular loop 2 to the putative low-concentration ethanol potentiation of extrasynaptic d subunit-containing GABA A receptors (Perkins et al., 2009) , supporting a role for the extracellular-transmembrane domain interface in channel modulation as well as gating (Bartos et al., 2009 ).
An increasingly well defined region of the transmembrane domain is arguably the most thoroughly implicated in alcohol and anesthetic modulation of GABA A receptors, particularly at immobilizing concentrations. In mutation studies harnessing the differential profile of r GABA A receptors, single amino acid substitutions at r1 M2 159 and a neighboring position in M3 with equivalent residues from the a1/b1 subunits were sufficient to reverse direction and increase cutoff for potentiation . The volumes of these residues, along with that of a nearby position in M1, were subsequently shown to correlate inversely with sensitivity to a range of volatile anesthetics (Jenkins et al., 2001) . Moreover, covalent labeling of engineered cysteines with alcohol analogs at the analogous M2 and M3 positions of a and b GABA A receptor subunits mimicked alcohol potentiation and blocked further modulation by alcohols and anesthetics (Mascia et al., 2000; Jung and Harris, 2006) , consistent with involvement of these amino acid residues in a direct binding site. Photolabeling experiments with derivatives of the anesthetics etomidate and propofol on purified GABA A receptors corroborated involvement of the M3 residue and neighboring positions in both M1 and M3 (Li et al., 2006; Chiara et al., 2012 Chiara et al., , 2013 .
Despite the consistency of critical amino acid positions, particularly in the transmembrane domain, it should be noted that different alcohols and anesthetics exhibit differential sensitivity to mutations (Jenkins et al., 2001) and are not universally competitive (Li et al., 2010) , suggesting overlapping but nonidentical sites of action for these agents. In the absence of a high-resolution GABA A receptor structure, it also remains to be determined whether these amino acids contribute to one or more binding site(s) for alcohols and anesthetics and where, precisely, they reside-within an individual subunit, between subunits, or elsewhere.
Finally, anesthetic and alcohol inhibition, rather than potentiation, in r subtypes and engineered GABA A receptor variants (Mihic et al., 1997) suggest the presence of inhibitory, as well as potentiating, sites of action for these agents on at least some subtypes. Indeed, at least one region of the transmembrane domain has been implicated specifically in channel inhibition. Covalent labeling with a small alcohol analog at the pore-facing 69 residue of a2 GABA A receptors produced persistent channel inhibition and increased the net potentiating effects of alcohols (Johnson et al., 2012) , consistent with blockage of an independent inhibitory site. Assuming multiple possible binding sites for small amphiphilic agents on these receptors, with different affinities and efficacies of modulation, it remains to be determined which active sites are particularly critical to alcohol and anesthetic action on GABA A receptors, or whether a dynamic balance of multiple sites underlies their clinical phenotype.
2. Glycine Receptors. Glycine receptors are the primary mediators of inhibitory neurotransmission in the spinal cord and peripheral nervous system, where they are likely to mediate immobilizing effects of anesthetics (Eger et al., 2008) . They have also been shown to play important roles in the central nervous system, including addiction pathways (Dutertre et al., 2012) ; for instance, the alcohol use disorder therapeutic acamprosate was recently shown to interact with glycine receptors in the nucleus accumbens to reduce dopamine release and ethanol consumption (Chau et al., 2010) . Adult glycine receptors are primarily composed of two a subunits (a1, a2, or a3) plus three b subunits (Weltzien et al., 2012) . The a1 glycine receptor has been a popular target for structure/function analysis of alcohol and anesthetic binding due, in part, to its highly efficient functional expression as a homopentamer in a variety of systems (Grenningloh et al., 1990) . Both physiologic heteromers and heterologouslyexpressed homomers are potentiated by anesthetic agents, including n-alcohols up to a cutoff (Mascia et al., 1996a) similar to that of GABA A receptors and behavioral assays, and exhibit sensitivity to as little as 20 mM ethanol-slightly above the legal driving limit in most of the United States .
Consistent with their similar modulation profiles, sites of action for alcohols and anesthetics appear to be conserved between glycine and GABA A receptors. In particular, chimera studies between a1 glycine and r1 GABA A receptors identified the importance of the M2 S159 and M3 A288 residues in ethanol potentiation (Mihic et al., 1997) ; specifically, molecular volume of the M2 159 position was inversely correlated with ethanol sensitivity . Covalent labeling of this position with alcohol analogs enhanced channel function and blocked subsequent potentiation by alcohol. Furthermore, labeling was facilitated by channel opening, consistent with an alcohol-binding cavity whose structure and/or accessibility is coupled to channel gating. Additional transmembrane residues, including M1 I229 (Lobo et al., 2008) , M2 Q149, and M3 M287 (Borghese et al., 2012) , and in the extracellular portion of M4 (Lobo et al., 2006) ,were also shown to influence alcohol and anesthetic modulation, suggesting these positions all contribute to a shared transmembrane binding cavity.
Similarly, residues in extracellular loop 2 have been implicated in alcohol and anesthetic modulation of Ligand-Gated Ion Channel Alcohol Sites glycine as well as GABA A receptors. Inspired by a spontaneous disease mutation at residue A52 (Saul et al., 1994) , swapping this position in a1 glycine receptors with the less ethanol-sensitive a2 subtype reduced ethanol sensitivity (Mascia et al., 1996b) and removed pressure antagonism of alcohol modulation (Davies et al., 2004) , whereas the opposite switch in a2 restored both effects (Perkins et al., 2008) . Both charge and geometry of position 52 were subsequently shown to influence ethanol sensitivity (Perkins et al., 2012) . The mechanism by which this region influences alcohol modulation may be complex, given that covalent labeling at position 52 enhanced currents but increased, rather than decreased, subsequent ethanol potentiation (Crawford et al., 2007) .
Glycine receptors are subject to regulation by cellular signaling factors, suggesting additional mechanisms of ethanol modulation via indirect interactions. For example, basic residues in the intracellular loop domain have been shown to mediate ethanol effects via binding to Gbg proteins (Yevenes et al., 2010) . A peptide designed to mimic the critical loop region disrupted ethanol potentiation without affecting other Gbg signaling pathways (San Martin et al., 2012 ) and has been proposed as an intoxication therapeutic. Binding of zinc to residues in the extracellular domain has also been shown to sensitize glycine receptors to both agonist and ethanol, possibly in a synergistic manner (McCracken et al., 2010) . Glycine receptors were also weakly potentiated by the antiparasitic agent ivermectin, which was recently proposed as an alcohol therapeutic (Yardley et al., 2012) . For both glycine and GABA A receptors, it remains critical to differentiate between several possible mechanisms of alcohol and anesthetic action, and focus on those that are most physiologically and pharmacologically relevant.
3. Glutamate-Gated Chloride Channels. In addition to GABA A and glycine receptors, other chlorideconducting pentameric ligand-gated ion channels, many of them gated by glutamate, are found in worms, insects, and other lower organisms. The glutamategated chloride channel (GluCl) from Caenorhabditis elegans rose to particular significance as the first eukaryotic member of this receptor family whose structure has been determined at atomic resolution (Hibbs and Gouaux, 2011) . This receptor may prove a particularly valuable template for homology modeling, given its high degree of sequence conservation with human GABA A and glycine receptors (Bertaccini et al., 2013) . In addition to glutamate, this channel is activated by ivermectin (Cully et al., 1994) , which also allosterically modulates human homologs, such as GABA A (Sigel and Baur, 1987) , glycine (Shan et al., 2001) , and nicotinic acetylcholine receptors (Krause et al., 1998) . Notably, chronic ivermectin was recently shown to combat ethanol intake and preference in mice (Yardley et al., 2012) ; these effects were primarily attributed to P2X4 receptors, but may involve pentameric ligand-gated ion channels as well. Ivermectin potency was determined at least in part by the M3 residue equivalent to A288 in a1 glycine receptors (Lynagh and Lynch, 2010) , suggesting the agent acts via a function-enhancing site similar to that for alcohols and anesthetics. Further exploration of GluCl promises to reveal structural determinants of allosteric modulation in this channel family at higher resolution than has previously been possible.
B. Eukaryotic Excitatory Channels
Although they play dramatically different roles than GABA A and glycine receptors in neurotransmission, cation-selective pentameric ligand-gated ion channels are also modulated by alcohols and anesthetics in physiologically relevant ways. These channels, including ionotropic receptors for acetylcholine and serotonin, nonselectively import cations (primarily sodium and calcium) down their electrochemical gradients to depolarize membrane potentials and stimulate excitability (Peters et al., 2010) . Neurodepressive effects of anesthetics have, in principle, been associated with inhibition of excitatory channels (Campagna et al., 2003) , whereas stimulatory effects of ethanol on reward pathways may arise from excitatory channel potentiation (Hurst et al., 2013) .
1. Nicotinic Acetylcholine Receptors. Nicotinic acetylcholine receptors expressed in neurons, which are of primary interest to this review, include up to ten different a subtypes, five of which may coassemble with three different b subunits (Hurst et al., 2013) . Of additional pharmacological relevance is the closely related nicotinic receptor expressed in the electric organs used by Torpedo species for predation and defense (Unwin, 1998) . The abundance and ease of purification of Torpedo receptors (Cohen et al., 1972) have made them a popular model system for studying ligand-gated ion channel structure, function, and modulation. Recent higher-resolution structures of the ligand-binding domain from mouse a1 (Dellisanti et al., 2007) and transmembrane domains of human nicotinic receptor subunits (Bondarenko et al., 2012) , determined by X-ray crystallography and solutionphase NMR, respectively, promise further insights into structure and function in this family.
Nicotinic receptors respond to concentrated synaptic acetylcholine, tonic low extrasynaptic acetylcholine, or exogenous drugs, such as nicotine, to stimulate release of neurotransmitters, such as GABA, glutamate, serotonin, or dopamine (Taly et al., 2009) . Accordingly, these receptors are implicated in both acute and chronic effects of nicotine and other drugs, including alcohols and anesthetics (Kamens et al., 2010; Miwa et al., 2011) . Long-chain n-alcohols and anesthetics inhibit several subtypes of nicotinic receptors, possibly 400 contributing to their neurodepressive physiologic effects (Flood and Role, 1998) . Similar to potentiation of GABA A and glycine receptors, inhibition of nicotinic receptors was shown to increase in potency with chain length up to a cutoff ;10 carbons (Zuo et al., 2001) , consistent with the cutoff for behavioral immobilization (Alifimoff et al., 1989) . Conversely, short-chain alcohols, such as ethanol, potentiate at least some nicotinic receptor subtypes (Zuo et al., 2001) .
Transmembrane residues throughout the channel pore have been implicated in nicotinic receptor modulation by alcohols and anesthetics. In preparations from Torpedo species, photoaffinity labeling with etomidate analogs implicated a pore-blocking site involving the M2 29 and 69 residues of desensitized nicotinic receptors (Ziebell et al., 2004) or the M2 99 and 139 residues of closed receptors (Nirthanan et al., 2008) . In addition, both octanol (Pratt et al., 2000) and etomidate (Ziebell et al., 2004) analogs photolabeled transmembrane residues even closer to the extracellular mouth of the channel, including M2 209. Similarly, propofol derivatives photolabeled residues M2 69, 109, and 139, but also an intrasubunit site in the d subunit involving M1 residues F232 and C236 as well as M2 189 . In human neuronal nicotinic receptors, mutations at the a2 M2 169 position blocked ethanol potentiation (Borghese et al., 2003b) ; furthermore, chemical labeling of an engineered cysteine at this position with alcohol analogs produced persistent channel inhibition and increased net potentiation by ethanol (Borghese et al., 2003a) , supporting the presence of an inhibitory binding site in physiologically relevant receptors. In the same work, labeling of the a2 M2 179 position potentiated channel function and blocked subsequent ethanol potentiation, indicating presence of a potentiating site (Borghese et al., 2003a) . Notably, recent saturation transfer NMR data identified amino acid residues involved in halothane binding to isolated nicotinic receptor transmembrane domains (Bondarenko et al., 2013) ; these included a site at the subunit interface (a4 M1 221 and M3 283, M2 209), the intrasubunit region photolabeled by propofol (a4 M1 222, b2 M1 212, and M2 229) , and a second intrasubunit region at the intracellular end of the channel (b2 M1 224 and 231, M2 39). Thus, amino acid residues implicated in nicotinic receptor modulation have primarily been associated with the channel pore and/or M2 helix interface, although, in the absence of high-resolution structural data for the fulllength receptor, their assignments remain uncertain.
2. Serotonin 3 Receptors. Ionotropic serotonin receptors in brain primarily include homomeric 5-HT 3A and heteromeric 5-HT 3A/B ion channels, which mediate excitatory neurotransmission in processes such as nausea, anxiety, and seizure; accordingly, 5-HT 3 receptor antagonists have been shown to combat these and other symptoms related to alcoholism (Davies, 2011) . Similar to their effects on nicotinic receptors, long-chain n-alcohols inhibited 5-HT 3 receptors, whereas short-chain alcohols and several volatile anesthetics potentiated channel function (Machu and Harris, 1994; Jenkins et al., 1996) . Substitution of a polar residue at the M2 169 position of 5-HT 3A receptors (I294T) resulted in inhibition rather than potentiation by ethanol (Sessoms-Sikes et al., 2003) , similar to equivalent mutations in nicotinic receptors (Borghese et al., 2003b) . Generally, homomeric 5-HT 3A receptors were more sensitive to ethanol potentiation than heteromers with 5-HT 3B subunits, suggesting differential alcohol binding to the two subtypes (Stevens et al., 2005) . However, evidence for critical physiologic effects relevant to intoxication or anesthesia has been limited, focusing attention instead on inhibitory and nicotinic receptors and on homologs of known structure.
C. Prokaryotic Channels of Known Structure
A variety of pentameric ligand-gated ion channels are found in prokaryotes (Tasneem et al., 2005; Corringer et al., 2010) . As in other protein families, bacterial ligand-gated ion channels are generally simplified homologs of human inhibitory and/or excitatory receptors, often lacking the N-terminal helix, extracellular disulfide bond, and long intracellular loop domain of their evolutionary descendants (Tasneem et al., 2005) . Nonetheless, multiple bacterial subtypes have been successfully expressed as functional ion channels in heterologous systems (Bocquet et al., 2007; Hilf and Dutzler, 2008; Zimmermann and Dutzler, 2011) ; moreover, their ease of production in bacterial liquid culture enabled the determination of X-ray crystal structures of two distinct subtypes within the last five years (Hilf and Dutzler, 2008; Bocquet et al., 2009; Hilf and Dutzler, 2009 ). The availability of highresolution structures has introduced new opportunities to characterize drug binding at higher resolution, and-assuming conserved mechanisms-extend those principles back to human homologs.
1. Gloeobacter violaceus Ligand-Gated Ion Channel. Database screening of bacterial genomes (Tasneem et al., 2005) identified the G. violaceus ligand-gated ion channel (GLIC) as a homolog 20% identical to the a7 nicotinic acetylcholine receptor that proved straightforward to express in HEK cells and Xenopus laevis oocytes. Although the biologic role and endogenous ligand (if any) of this receptor are unknown, it is sensitive to activation by protons (low pH), facilitating its pharmacological characterization; GLIC was shown to be cation selective, similar to nicotinic and 5-HT 3 receptors, and to exhibit relatively little desensitization at submaximal levels of activation (Bocquet et al., 2007) . Notably, like many prokaryotic ligand-gated ion channels (Tasneem et al., 2005) , GLIC lacks characteristic structural features of human homologs such as Ligand-Gated Ion Channel Alcohol Sites an extended intracellular loop domain, restricting potential determinants of modulation.
GLIC was initially shown to be insensitive to pharmacologically relevant concentrations of ethanol, but was inhibited by volatile and intravenous general anesthetics (Weng et al., 2010) as well as ivermectin (Duret et al., 2011) . Anesthetic concentrations of methanol and higher concentrations of ethanol potentiated channel function, whereas long-chain n-alcohols containing three or more carbons inhibited GLIC with increasing potency up to a cutoff around nonanol (Howard et al., 2011a) . Thus, this receptor exhibits a similar profile as nicotinic acetylcholine receptors, with a reduced capacity for potentiation.
Localization of critical domains for alcohol and anesthetic action was facilitated by an engineered GLIC chimera containing the transmembrane domain of the human a1 glycine receptor (Duret et al., 2011) . As predicted, this construct was activated by low pH, presumably via ionizable residues in the ligandbinding site or other portions of the GLIC extracellular domain. Conversely, the chimera was potentiated by hexanol, propofol, volatile anesthetics, and ivermectin, similar to glycine receptors (Duret et al., 2011) . Given that the construct contained the glycine receptor M1-M4 helices but none of the M3-M4 intracellular loop; the allosteric modulators were presumed to act via the transmembrane domain.
Consistent with a critical role for the transmembrane domain in modulation, cysteine scanning mutagenesis of the pore-lining M2 helix of GLIC revealed a limited set of residues that dramatically influenced alcohol and anesthetic effects. In particular, cysteine substitutions at residues L179 and F149 increased ethanol potentiation twofold and fivefold, respectively, such that the F149C mutant was sensitive even to intoxicating concentrations (Howard et al., 2011a) . Reducing side chain volume at the 149 position by substituting alanine further enhanced ethanol potentiation, increased the n-alcohol cutoff for potentiation to hexanol, and resulted in potentiation rather than inhibition by volatile anesthetics (Broemstrup et al., 2013) , supporting the presence of an allosteric binding cavity in this region. Indeed, bulky phenylalanine substitutions at neighboring residues I169 and L179, or removal of a possible hydrogen-bonding partner at residue N159, compensated for the enhancing effect of F149A, reducing or ablating ethanol and anesthetic potentiation (Sauguet et al., 2013) . Covalent labeling of engineered cysteines at residues L179 and V189 also produced dramatic, persistent current enhancement, whereas alcohol-mimicking substitutions blocked subsequent potentiation, consistent with direct potentiating interactions with alcohols in this region (Howard et al., 2011a) .
In contrast to potentiation, identifying amino acid residues responsible for GLIC inhibition by long-chain alcohols and anesthetics has proved complex. Cysteine substitutions in the M2 helix failed to alter long-chain alcohol inhibition, supporting an inhibitory mechanism independent from potentiation (Howard et al., 2011a) . Substitutions at M2 V189 and M3 T255 altered inhibition by volatile and intravenous anesthetics (Nury et al., 2011) , and propofol altered the rates of covalent labeling of positions M2 179 and M3 255 (Ghosh et al., 2013) . However, in both studies the structural basis for these effects correlated inconsistently with side chain volume or direction of change. Additional possibilities were raised by tryptophan fluorescence studies, which supported anesthetic interactions with M1 positions distal to the putative potentiating site (W213, W217) along with additional residues in the extracellular domain (Chen et al., 2010) . In general, the specific residues or region(s) of GLIC responsible for direct inhibitor binding remain to be clearly elucidated.
2. Erwinia chrysanthemi Ligand-Gated Ion Channel. Although its atomic-resolution structure (Hilf and Dutzler, 2008) was determined prior to that of GLIC, the E. chrysanthemi ligand-gated ion channel (ELIC) was largely intractable to physiologic study until its agonists were identified. ELIC currents proved to respond to a variety of primary amines, including GABA at high concentrations, and were cation selective, high conductance, and slowly desensitizing (Zimmermann and Dutzler, 2011) ; they were also modulated by benzodiazepines (Spurny et al., 2012) , further supporting their utility as a model system for human channels. ELIC was recently shown to be inhibited by subanesthetic concentrations of chloroform, ethanol, and their brominated derivatives, although it was insensitive to intravenous general anesthetics (Spurny et al., 2013) . A summary of the overall effect of ethanol and anesthetics on the ligandgated ion channels discussed above is shown in Table 1 .
III. The Evolution of Accurate Structural Models
In the absence of high-resolution structural data for human pentameric ligand-gated ion channels, computational approaches have facilitated increasingly detailed models of receptor function, including modulation by alcohols and anesthetics. These techniques initially harnessed available data from homologous proteins in lower organisms to elucidate general structure principles, but more recently aim to simulate binding and structural transitions of human receptors in atomic detail.
A. A Brief History of Cys-Loop Receptor Models
A major breakthrough in the field was provided by Unwin (1993) with the first cryoelectron microscopy 402 structure of nicotinic acetylcholine receptors from Torpedo marmorata. However, the mathematical procedures necessary to "flatten" the images made from helical tubes and the need to average many images that were, in fact, heteromeric assemblies of a, b, and g subunits, resulted in a low resolution of approximately 9 Å-only sufficient to show that the receptors were centrosymmetric pentamers and that a-helical segments lined the ion pore.
A further breakthrough in the structure of nicotinic receptors was provided by the high-resolution X-ray structure of a seemingly unrelated molluscan protein, AChBP (Brejc et al., 2001) . When Brejc and coworkers examined this protein, they realized that it not only bound acetylcholine, but also exhibited a homopentameric structure arranged around a central pore. Although AChBP was not a membrane protein and corresponded only to the ligand-binding domain of the nicotinic receptor, its accessibility to high-resolution structure determination allowed alignment of the major ligand-binding residues in nicotinic receptors and suggested a series of loops that could interface with the transmembrane domain.
At this point, the structure of the transmembrane domain was still uncertain, limiting interpretation of the large body of data that was flowing from mutagenesis and photolabeling studies (Blanton and Cohen, 1994; Lee et al., 1994) . Most algorithms for predicting secondary structure from primary amino acid sequences were "trained" on water-soluble globular proteins, making them ill-suited to model membrane-bound domains. However, 10 of the best algorithms trained on membrane proteins were applied to a large sample of known sequences of ligand-gated ion channels (Bertaccini and Trudell, 2002) . After extensive consensus averaging, the prediction was that each channel subunit would have four transmembrane segments.
This prediction was soon confirmed when Miyazawa et al. (2003) used the AChBP structure to determine the phases for much-improved cryoelectron microscopy images of nicotinic receptors and published a nearly complete model of the ligand-binding and transmembrane domains to ;4 Å resolution. This structure introduced new possibilities for detailed homology modeling; for example, it was used to build both glycine and GABA A receptor structures (Kash et al., 2003; Trudell and Bertaccini, 2004) in an effort to understand how the binding energy of a ligand was coupled to an ion channel gating motion 40 Å away (Chakrapani and Auerbach, 2005) . Recent NMR structures of isolated nicotinic receptor transmembrane domains (Bondarenko et al., 2012) further clarified the topological map and informed its use as a modeling template. Moreover, the determination of homologous X-ray structures from bacteria Dutzler, 2008, 2009; Bocquet et al., 2009 ) and C. elegans (Hibbs and Gouaux, 2011) to #3.3 Å resolution have confirmed the conservation of receptor conformation across species and provided increasingly well-defined templates for homology modeling (Bertaccini et al., 2013) .
In the past two years, cocrystal structures of bacterial channels bound to alcohols and anesthetics have allowed these templates to be applied directly to allosteric modulation. For example, modeling of GABA A receptors based on crystal structures of GLIC and GluCl facilitated mapping of residues photolabeled by the anesthetic derivative azietomidate into a coherent allosteric binding site (Chiara et al., 2012) . Conversely, alignment of bromoform interaction sites in ELIC with the glycine receptor revealed novel Ligand-Gated Ion Channel Alcohol Sites residues involved in anesthetic modulation (Spurny et al., 2013) . Modeling of allosteric binding sites in both glycine and nicotinic receptors based on GLIC also recently provided a rationale for differential alcohol sensitivity of multiple channel family members (Sauguet et al., 2013) .
B. Elastic Network Calculations
Beyond the static homology-based images described above, a major goal in developing computational models of ion channels is to understand the time course of gating transitions between resting, open, and desensitized states. However, spontaneous gating occurs infrequently, and when it does, the transition takes approximately 20-100 microseconds (Chakrapani and Auerbach, 2005) . Because it is difficult to simulate these time scales using molecular dynamics, normal mode analysis has been used to look at long time-scale collective motions (Bertaccini et al., 2005) . Briefly, normal mode analysis starts by rendering each amino acid in a protein as a weighted sphere and connecting the spheres with springs of variable force constants Tirion, 1996; Hinsen, 1998; Delarue and Sanejouand, 2002; Lindahl et al., 2006; Bertaccini et al., 2008; Samson and Levitt, 2008 ). An analysis of all the vibrational modes in this spherespring assembly can be accomplished in a matter of hours, after which the results are sorted by frequency and amplitude (Lindahl et al., 2006) . Typically, the low-frequency/high-amplitude modes are the most interesting, because they often represent large collective motions of whole helical segments or even subunits. In addition, it is sometimes useful to combine a series of modes to produce a collective motion that best represents an important vibrational motion of a protein (Petrone and Pande, 2006) .
Of special interest in the case of ligand-gated ion channels, some large-amplitude modes describe a collective transition of the whole receptor that may be described as a "wringing" motion (Bertaccini et al., 2005 Taly et al., 2005) . That is, the entire pentameric channel behaves like a wet towel that is twisted to dry it out: the ligand-binding domain rotates in one direction and the transmembrane domain in the other. There are two important features of this motion. First, these vibrations follow a low free energy pathway; because they do not tolerate steric clashes, helical segments must all move together to allow a wringing motion without collisions. Second, because the gating transitions of these channels obtain only modest energy from agonist binding and thermal energy to drive this substantial rearrangement of the ion pore, it is important to explore motions that do not create high free energy barriers for the transition. Despite valuable insights from this approach, it is important to note that the sphere and spring model described above does not adequately account for interactions with allosteric ligands, such as alcohols and anesthetics. As a result, a current focus in observing interactions of these modulators has moved to molecular dynamics simulations.
C. Molecular Dynamics
Approximately 15 years ago, it was a significant achievement to run a 1-microsecond molecular dynamics simulation on a small peptide in aqueous solution using a large supercomputer (Duan and Kollman, 1998) . More recently, it has been possible to simulate 1 microsecond in a full receptor embedded in a phospholipid bilayer and surrounded by explicit water molecules ). This progress was made possible by more efficient and highly parallel molecular dynamics programs, such as GROMACS (Hess et al., 2008) , NAMD (Phillips et al., 2005) , and CHARMM . Much progress for long time-scale simulations has been made on programs running on Anton computers that are specially configured for molecular dynamics (Shan et al., 2011) .
These programs now are beginning to allow simulations of sufficient length to observe the effects of allosteric modulators on ligand-gated ion channel motions. Simulations of nicotinic receptors based on the low-resolution Torpedo structures revealed conformation-dependent binding of the volatile anesthetics halothane and isoflurane that could influence domain interactions or occlude the pore (Vemparala et al., 2006; Brannigan et al., 2010; Liu et al., 2010) . More recently, the characterization of both atomicresolution structure and anesthetic sensitivity in GLIC provided valuable new simulation templates. Multiple binding sites for halothane and isoflurane in GLIC have been computationally identified and predicted to disrupt the channel's quaternary structure (Chen et al., 2010; Willenbring et al., 2011; Mowrey et al., 2013) or block the pore (Lebard et al., 2012) . The discovery of enhanced ethanol and anesthetic potentiation in the F149A variant of GLIC allowed more direct comparisons: 1-microsecond simulations showed selective intersubunit ethanol binding to ethanol-sensitized (F149A) receptors, along with expansion of the channel pore (Murail et al., 2012) . Building on recent validations of anesthetic docking to GLIC , we have also used molecular dynamics-based free energy calculations to quantify favorable binding of anesthetics to the intersubunit cavity of the ethanolsensitized GLIC variant (Broemstrup et al., 2013) . Notably, efforts to simulate modulation of human receptors using glycine receptor homology models based on the nicotinic receptor (Cheng et al., 2008) and GLIC (Murail et al., 2011) predicted the preferential binding of ethanol to an intersubunit transmembrane cavity in the channel open state, suggesting that at least 404 some of these modes of modulation are conserved across species.
Of importance for the future, simulations of structural transitions perform best when the beginning and ending states are known, using a directed molecular dynamics approach (Law et al., 2005) . There are presently two examples of such double endpoints among ligand-gated ion channels: the open and closed states of the P2X4 receptor (Hattori and Gouaux, 2012) , as well as the presumed-open (Bocquet et al., 2009; Hilf and Dutzler, 2009 ) and "locally closed" states of GLIC (Prevost et al., 2012) . Further expansion of the repertoire of ion channel structures and improved computational power promise to reveal new details of receptor gating and modulation in the near future.
IV. Crystallographic Contributions
Despite over a decade of consensus on the broad structural features of pentameric ligand-gated ion channels, technical limitations to membrane protein crystallography (Carpenter et al., 2008) have historically limited structure/function studies of ion channel modulation by alcohols and anesthetics. Even in the presence of moderate-resolution ($4 Å) structural data (Unwin, 2005) , the small size and generic structure of these molecules renders them difficult to distinguish from water or other small solvents (Howard et al., 2011a,b) . Consequently, the recent determination of both alcohol-and anesthetic-bound (Nury et al., 2011; Sauguet et al., 2013; Spurny et al., 2013) pentameric ligand-gated ion channel structures at atomic resolution, albeit from model organisms, poses novel opportunities to identify structural hallmarks of anesthetic binding sites, model their effects on ion channel gating, and design novel pharmacological agents.
A. Intersubunit Binding of Potentiators in Gloeobacter violaceus Ligand-Gated Ion Channel
The X-ray structure of wild-type GLIC, determined to 3.1 Å (Hilf and Dutzler, 2009) and 2.9 Å (Bocquet et al., 2009) , revealed a transmembrane cavity that includes amino acid residues (F149 and L179) associated with alcohol potentiation. This cavity occupies the intersubunit interface, facing the channel pore (Nury et al., 2011) . The 2.8-Å structure of the ethanolsensitizing point mutant F149A (Sauguet et al., 2013) was superimposable with that of wild-type GLIC, except in the region of the mutation. The loss of the phenylalanine side chain greatly enlarged the intersubunit cavity and filled it with an additional water molecule. Temperature factors in the pore and gating regions of the F149A mutant were also greater than for the wild-type structure. Given that the GLIC structure has been associated with an open state of the channel, because of its crystallization under activating conditions (pH # 4.6) and the capacity of the pore radius for ion conduction, increased temperature factors may relate to the reduced sensitivity of the F149A variant to protons and, thus, to destabilization of channel opening.
The ethanol-sensitized GLIC variant was also cocrystallized with potentiating agents, including ethanol to 2.8 Å, and bromoethanol, as well as bromoform, to 3.1 Å each (Sauguet et al., 2013) . The anomalous signal provided by bromine derivatization (Choe et al., 2002) of both alcohol and anesthetics confirmed their assignment to the intersubunit cavity enlarged by the F149A mutation. The structure revealed hydrophobic interactions of ethanol with M2 residues I169 and L179 and suggested hydrogen bonds with N159, E199, and the backbone carbonyl of M1 N200. Bromoform bound in the same cavity as ethanol, but with exclusively hydrophobic interactions due to its lack of hydrogen bonding partners. Ethanol binding also reduced temperature factors back to levels approximating the wild-type receptor, suggesting stabilization of the putative open state of the structure (Sauguet et al., 2013) . Notably, the recently determined crystal structure of GluCl contains the allosteric agonist ivermectin in a position overlapping that of ethanol in GLIC, including a hydrogen bond with the 159 residue (Hibbs and Gouaux, 2011) , consistent with a conserved mechanism of functional enhancement via drug binding in this region.
These structures agree remarkably well with previous functional evidence for modulation of eukaryotic, as well as prokaryotic, receptors described above and provide valuable insights toward further elucidation of ion channel modulation. It is particularly important to connect these snapshots to a mechanistic understanding of how alcohol and anesthetic binding affects channel structure and function, particularly during gating. Recent determination of a locally closed GLIC structure, for example, may facilitate further studies of modulator binding to alternative states of the channel (Prevost et al., 2012) .
B. Inhibitory Binding Sites in Gloeobacter violaceus and Erwinia chrysanthemi Ligand-Gated Ion Channels
In addition to the intersubunit cavity occupied by potentiating alcohols and anesthetics, GLIC exhibits an additional transmembrane cavity within each subunit (Nury et al., 2011) . Instead of containing water molecules and facing the channel pore, this cavity faces the domain exterior and contains constitutively-bound lipids that persist from the expression system throughout purification and crystallization (Bocquet et al., 2009) . In cocrystal structures with wild-type GLIC, both volatile and intravenous general anesthetics occupied this intrasubunit cavity, displacing the bound lipids (Nury et al., 2011) . Indeed, in addition to the intersubunit binding cavity described above, the ethanolsensitized mutant F149A retained the intrasubunit Ligand-Gated Ion Channel Alcohol Sites binding site in cocrystal structures with both bromoethanol and bromoform (Sauguet et al., 2013) . This site contains anesthetic-sensitive residues V189 and T255 (Nury et al., 2011) , as well as amino acid positions that display saturation transfer to halothane (Bondarenko et al., 2013) and are photolabeled by propofol in nicotinic receptors. Thus, the intrasubunit region contains a persistent binding site for alcohols and anesthetics independent of channel potentiation, suggesting it could mediate the inhibitory effects of these modulators.
Complications to this model arose from the apparent open conformation of the GLIC structure. Inhibitors should destabilize the open relative to nonconducting state, yet the inhibitory alcohols and anesthetics appeared to associate tightly with the intrasubunit cavity in the crystallized conformation (Nury et al., 2011) . The locally closed GLIC structure showed changes in the size and shape of this cavity, suggesting differences in binding to nonconducting conformations (Prevost et al., 2012) . Given mutational evidence inconsistent with direct, conserved binding of anesthetics in this region (Nury et al., 2011; Ghosh et al., 2013) , the relevance of this binding mode to channel inhibition remains to be confirmed.
The recently determined structure of ELIC in complex with bromoform (Spurny et al., 2013) , which inhibits channel function, implicated additional transmembrane sites of anesthetic action. In this structure, bromoform blocked the channel pore between the M2 L99 and F169 residues, consistent with previous nicotinic receptor labeling studies (Borghese et al., 2003a; Nirthanan et al., 2008) and GLIC simulations (Lebard et al., 2012) . It is possible that this site of action is also relevant to GLIC inhibition, but has been disfavored under current crystallization conditions because of occupation of the pore by detergent molecules (Bocquet et al., 2009) . A second allosteric site for bromoform was identified at the subunit interface, facing the lipid bilayer; a functional role for this site was supported by specific fluorescence quenching of two tryptophan residues by bromoform (Spurny et al., 2013) . These residues aligned with tryptophans whose fluorescence was quenched by halothane binding in GLIC (Chen et al., 2010) . If conserved, this binding site could have been masked in previous GLIC studies by crystallographic conditions artifactually favoring the open state. Bromoform density was also observed within each subunit of the ELIC extracellular domain (Spurny et al., 2013) , although no functional evidence yet supports a role for this site in anesthetic modulation. Generally, the nonconducting state of the known ELIC structure (Hilf and Dutzler, 2008) may favor binding of inhibitors relative to GLIC, improving the likelihood of observing novel modes of interaction.
C. Mechanistic Implications of Crystallographic Binding Sites
In light of longstanding functional evidence and recent structural studies, a limited set of possible interaction sites for alcohols and anesthetics is emerging in pentameric ligand-gated ion channels (see Fig.  1 ). Extracellular sites include the intersubunit benzodiazepine cleft in a6 GABA A receptors (Fig. 1A ) (Wallner et al., 2006) , an intrasubunit crystallographic bromoform site in ELIC (Fig. 1B) (Spurny et al., 2013) , and Loop 2 at the extracellular/transmembrane domain interface of GABA A and glycine receptors (Fig.  1C) (Perkins et al., 2012) .
In the transmembrane domain, four generalized interaction regions can be distinguished. First, the intrasubunit crystallographic GLIC anesthetic site (Fig. 1D) (Nury et al., 2011) was the first product of cocrystal studies in this field and agrees with recent photolabeling and NMR studies (Bondarenko et al., 2013) . However, the physiologic impact, if any, of binding in this region remains unclear (Nury et al., 2011; Ghosh et al., 2013) ; that is, ligand binding does not necessarily imply efficacy. Additional transmembrane domain residues facing more deeply buried portions of the subunit interior have also been implicated by NMR and could represent either long-range extensions of the same binding mode or a novel intrasubunit site (Bondarenko et al., 2013) . Second, in contrast to the intrasubunit site, the intersubunit crystallographic GLIC potentiating site (Fig. 1E) (Sauguet et al., 2013) agrees remarkably well with previous literature on GABA A , glycine (Mihic et al., 1997) , nicotinic (Borghese et al., 2003a) , and 5-HT 3 receptors (Sessoms-Sikes et al., 2003) , as well as ivermectin binding to GluCl (Hibbs and Gouaux, 2011) . Third, pore-facing residues throughout M2 (Fig. 1F) are implicated in anesthetic inhibition of nicotinic (Ziebell et al., 2004; Nirthanan et al., 2008) and GABA A receptors (Johnson et al., 2012) , as well as ELIC (Spurny et al., 2013) . Some of these residues also overlap portions of the intersubunit cavity, suggesting these binding regions could be contiguous. Finally, residues at the "outer" intersubunit interface (Fig. 1G) , facing the lipid bilayer rather than the channel pore, influence modulation of GABA A receptors (Chiara et al., 2013) , glycine receptors (Mihic et al., 1997; Lobo et al., 2008) , and ELIC (Spurny et al., 2013) . Given the large size of ivermectin, its binding site in GluCl also overlaps this region (Hibbs and Gouaux, 2011) , along with the crystallographic inner intersubunit site. These sites may or may not be truly distinct, but mapping them onto the known structure of GLIC provides a starting point for testing new principles of binding and modulation.
A few general themes continue to emerge from structural data on anesthetic binding. Although the 406 importance of certain sites, such as the intersubunit transmembrane cavity, seems corroborated now by multiple methods, it remains likely that small amphiphilic agents are capable of binding multiple locations on ligand-gated ion channels, perhaps mimicking endogenous lipid modulators. It may be a combination of binding events with either additive or competitive efficacies that results in the net modulation observed in functional assays. In addition, it is interesting to note the preponderance of implicated sites closely associated with the channel pore. Given the long distance over which agonist binding must propagate its pharmacological signal to open the ion channel, it is plausible that alcohols and anesthetics bind the receptor much closer to its "active site" (pore) than do neurotransmitter ligands; indeed, the "agonist" may turn out to be more of an "allosteric" agent than the modulators themselves (Taly et al., 2009 ).
V. From Structure Back to Function
The primary motivation for structural studies is to gain functional insight into the biologic importance of these proteins. In this section, we will discuss the application of structural data to translational research, connecting molecular models back to function and behavior and exploring promising avenues for therapeutic development.
A. Behavioral Pharmacology in Rodent Models
A central question in neuropharmacology is the behavioral consequence of drug action on a single protein. It is usually not possible to predict the effects of activation or inhibition of a single protein on specific behaviors, and the finding that most drugs act on multiple targets further complicates this problem. One approach has been genetic deletion (null mutant or knockout) of the protein. Although this tactic prevents drug action on a specific receptor, it also eliminates all receptor function, which greatly complicates interpretation of drug actions in null mutant animals (Crabbe et al., 2006) . A much more powerful approach is to replace the normal gene with one that produces a mutated protein that is resistant to drug modulation but otherwise is normal in function (knock-in). Of course, this can only be successful if there is substantial information about the site of drug action as well as the structural mechanisms of normal receptor function. This approach has been applied to several pentameric ligand-gated ion channels and has been quite successful in linking specific receptor subunits with drug actions. One of the earliest and most elegant Ligand-Gated Ion Channel Alcohol Sites examples is the construction of knock-in mice with specific GABA A receptor subunits lacking actions of benzodiazepines or general anesthetics (Rudolph and Möhler, 2004; Morris et al., 2006; Tan et al., 2011) . For example, these studies showed that benzodiazepine modulation of the a2 subunit of the GABA A receptor is critical for the antianxiety actions of these drugs and the general anesthetic action of propofol is due to action on GABA A receptors containing the b3 subunit (Jurd et al., 2003) .
Ethanol provides an unusual challenge because it has the potential to alter many brain proteins, including multiple ligand-gated ion channels . Remarkably, the knock-in approach has nonetheless linked specific GABA A and glycine receptors to behavioral actions of alcohol (Boehm et al., 2006; Crabbe et al., 2006; Blednov et al., 2012) . In particular, action of ethanol on the a2 subunit of the GABA A receptor appears important for the stimulating and aversive effects of ethanol, but not for other alcohol-related behaviors (Blednov et al., 2011 ). An important contribution of the approach is the ability to rule out potential targets. For example, the a1 subunit of the glycine receptor was considered one of the most likely mediators of spinal immobility produced by inhaled anesthetics (Eger et al., 2008) , but this was shown not to be the case through use of knock-in mice (Borghese et al., 2012) . A different approach was taken for nicotinic receptors, where gain of function was engineered into specific receptor subunits in mice (Drenan and Lester, 2012) . These animals have proven useful in defining the role of specific nicotinic receptor subunits in electrophysiologic and behavioral phenotypes; for example, high-sensitivity a4 and a6 nicotinic receptors were recently shown to enhance alcoholrelated reward behaviors Powers et al., 2013) . As evidenced by the identification of a novel anesthetic modulation site in glycine receptors based on crystallographic data from the ELIC homolog (Spurny et al., 2013) , the advent of high-resolution structural data for alcohol and anesthetic binding to receptors in this family, along with improved simulation techniques, promises to enable higher certainty prediction of mutant phenotypes. These advances may allow engineering of mutations with much more specific and potent effects on drug sensitivity than has previously been possible.
B. Therapeutic Potential of Existing Agents
The discovery of amphiphilic cavities in pentameric ligand-gated ion channels raises the possibility of covert modulation of these receptors by pharmacologic agents that are only known to affect other proteins. One example is the finding that the analgesic action of cannabinoids is attributable, at least in part, to their actions on the a3 subunits of glycine receptors (Xiong et al., 2011 . Cannabinoids were earlier thought to act only on the CB1/CB2 G protein-coupled receptors, demonstrating the potential for unexpected action of a long-studied class of compounds (Oz, 2006) . Ivermectin, mentioned earlier, is another potential therapeutic based on its limitation of alcohol intake and preference in mice, presumably by acting at P2X4, GABA A , glycine, or nicotinic receptors rather than the GluCl channels it targets in worms. Understanding the role of specific receptor sites and subunits in discrete behaviors will allow new therapeutic approaches by repurposing of known compounds.
C. Opportunities for Novel Drug Design for Under-Targeted Ligand-Gated Ion Channels
The advent of high-resolution structural data for pentameric ligand-gated ion channel family members poses new opportunities to develop novel modulators to combat intoxication or improve induction of anesthesia. Docking to known receptor structures has recently been shown to recapitulate crystallographic binding sites Broemstrup et al., 2013) , validating the use of computational techniques in screening these novel targets. However, the utility of these methods in identifying new drugs remains to be demonstrated, particularly given that the receptors of greatest therapeutic interest (GABA A and glycine receptors) exhibit ion selectivity and modulation properties distinct from structurally-characterized receptors (GLIC and ELIC). The recently determined structure of GluCl (Hibbs and Gouaux, 2011) may prove a more useful template given its selectivity for anions and excellent alignment with other eukaryotic receptors (Bertaccini et al., 2013) ; however, the structural relevance of the bulky ivermectin molecule cocrystallized at the transmembrane subunit interface in this structure remains to be determined. Notably, docking of etomidate to GABA A receptor homology models based on both GLIC and GluCl corroborated functional evidence for binding (Chiara et al., 2012) , supporting these structures as templates for future drug screening. Molecular dynamics may prove particularly valuable to this goal, as microsecond simulations in both GLIC (Murail et al., 2012 ) and a homology model of the glycine receptor (Murail et al., 2011) predicted the subsequently determined crystallographic binding site for ethanol (Sauguet et al., 2013) .
Among human ligand-gated ion channels, GABA A receptors have been the most heavily targeted for drug development, yielding positive allosteric modulators, such as benzodiazepines, that are widely used as antianxiety and sedative drugs (Saari et al., 2011) . In addition, many surgical procedures involve drugs such as midazolam and propofol, which are employed to enhance GABA A function (Sneyd and Rigby-Jones, 2010) . In particular, the r subtypes of GABA A receptors (previously referred to as GABA C receptors) may prove particularly important targets for future therapeutic 408 applications. For one thing, r GABA A receptors may be better modeled than other subtypes by prokaryotic homologs, which generally exhibit inhibition rather than potentiation by anesthetics (Weng et al., 2010; Spurny et al., 2013) . For another, several lines of evidence link r GABA A receptors to physiologically relevant actions of ethanol. In addition to retina, r GABA A subunits have been found in many brain regions, and specific antagonists to r GABA A receptors enhance anxiety in the elevated plus maze, as well as learning and memory in the Morris water maze (Chebib et al., 2009; Flores-Gracia et al., 2010) . Furthermore, r1 GABA A receptor expression in the nucleus accumbens is correlated with ethanol consumption and motor activation in mice (r = 0.77, ethanol preference in two-bottle choice test, 10% ethanol; r = 20.48, ethanol-induced motor response, distance traveled, 0-to 5-minute time interval; from genenetwork.org). In humans, family-based association analyses demonstrated that single nucleotide polymorphisms in both r1 (GABRR1) and r2 (GABRR2) genes are significantly associated with alcohol dependence, particularly with early onset (Xuei et al., 2010) . Thus, emerging evidence supports a role for r GABA A receptors in alcohol-related processes, including anxiety, learning, memory, and dependence, and implicates this receptor as a new therapeutic target.
In addition, glycine receptors offer increasingly promising targets for pharmacologic development. Recent interest in this field has shifted focus to supraspinal glycine receptors found in reward-related pathways (Söderpalm and Ericson, 2013) . Glycine receptors in the brain may contain a1, a2, or a3 subunits and may be homomeric (a only), as well as heteromeric (a + b) (Muller et al., 2008; Aroeira et al., 2011) , making it more straightforward to model physiologically relevant receptors on homomeric prokaryotic templates. These receptors are synaptic, as well as extrasynaptic, and provide both phasic and tonic inhibition (Martin and Siggins, 2002; Zhang and Thio, 2007) . In addition to their modulation properties in recombinant systems (Mascia et al., 1996a) , the importance of glycine receptors in alcohol actions was recently highlighted in an examination of alcohol inhibition of lateral orbitofrontal cortex neurons. Surprisingly, GABA A receptors made no contribution to the inhibitory effects of ethanol and there was only a minor role for glutamate receptors; instead, most of the inhibition was attributable to enhancement of glycine receptor function (Badanich et al., 2013) . In humans, genetic analysis of alcohol dependence in African Americans found the strongest association with markers near GLRA3, the gene encoding the a3 glycine receptor subunit (Han et al., 2013) . Thus, both r GABA A and glycine receptors may mediate important actions of alcohol, including dependence. Moreover, recent validation of molecular dynamics approaches to characterizing ethanol binding sites in glycine receptor homology models suggests these channels may prove tractable to future drug design. Emerging structural information at the atomic level, including alterations of binding cavities during activation of these receptors, will allow for improved in silico screening and design of new ligands, providing a level of subunit and receptor specificity that has been difficult to achieve prior to structural data.
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